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The unique environment of water microdroplets has enabled several novel organic transformations to be
reported in recent years. Given the significance of the retro-Diels—Alder (rDA) reaction in organic and
natural product synthesis, we demonstrate a highly accelerated rDA reaction using water microdroplets.
The rDA reaction is a reversible process of the classical Diels—Alder cycloaddition, triggered by the
dissociation of a six-membered ring, typically under thermal conditions. In this study, Diels—Alder
adducts dissolved in water/methanol were electro-sprayed using nitrogen gas at a pressure of 120 psi,
leading to efficient rDA product formation of benzoquinones. The products were characterized by mass
spectrometry (MS) and tandem mass spectrometry (MS?). Additionally, crude samples were collected
after passage through a 40 mm heated channel (150 °C) for =1.2 ms in xylene solvents sprayed under
50 psi for 30 minutes, the distance between sprayer and collection chamber kept at 240 mm. The
structures were further confirmed using MS, IR, *H-NMR, and **C-NMR analyses. Notably, 2.6 mg of the
blue scorpion venom compound, 5-methoxy-2,3-bis(methylthio)cyclohexa-2,5-diene-1,4-dione, was
obtained in 60% isolated yield. This compound, originally isolated from scorpion venom, exhibits
remarkable antimicrobial activity against Mycobacterium tuberculosis and the priority pathogen
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Introduction

The retro-Diels-Alder (rDA) reaction is a powerful tool in the
synthesis of reactive olefins, strained molecules, and meta-
stable molecular entities—structures often challenging to
access by conventional synthetic routes.”™ Widely applied in
synthetic chemistry,”” natural product synthesis,*** and mate-
rial science,”" the rDA reaction typically requires high
temperatures due to its endothermic nature. Consequently,
product decomposition and long reaction durations pose
significant challenges, and only limited literature reports exist
under conventional conditions. Efforts to address these chal-
lenges have led to methods like photo-assisted,'® force-assis-
ted," and microwave-assisted rDA reactions.?*?* These advances
aim to make the rDA reaction more accessible and efficient for
synthetic applications. However, easier, cleaner, and faster rDA
processes are still highly desirable. We address the limitations
of extended reaction times and forcing temperatures by

8-10

“Department of Chemistry, Indian Institute of Technology Roorkee, Roorkee, 247667,
India. E-mail: gnanam@cy.iitr.ac.in

*Department of Chemistry, Stanford University, Stanford, CA 94305-5080, USA.
E-mail: zare@stanford.edu

DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d5s5c03761a

(ES)

© 2025 The Author(s). Published by the Royal Society of Chemistry

enhancement compared to traditional bulk-phase rDA reactions.

employing microdroplet chemistry that operates under accel-
erated and milder conditions. Microdroplet reactions have
become a promising and rapidly expanding field of research
owing to their remarkable ability to accelerate chemical reac-
tions compared to those occurring in the bulk phase.””?° The
air-water interface creates a distinct environment that diverges
significantly from bulk-phase conditions, potentially modifying
reaction pathways and mechanistic dynamics. Moreover,
phenomena such as droplet evaporation, reagent confinement,
and the effect of interfacial electric fields collectively contribute
to an acceleration in reaction kinetics. Consequently, these
reactions can proceed under milder conditions with lower
reagent consumption while achieving highly efficient conver-
sion compared to bulk processes.***> This phenomenon has
implications for synthetic chemistry, biochemical processes,
and potential industrial applications.

In recent years, the microdroplet technique has been widely
utilised for organic transformations. Microdroplet techniques
have been used in organic transformations, including addition/
elimination, oxidation/reduction, multicomponent reactions,
and rearrangements.**** Recently, Xie et al. reported the Diels—
Alder reaction using microdroplet conditions and further
confirmed by MS and DFT calculations.®® Our group and several
other groups established the organic reactions using micro-
droplet reactions, which enhance the rate, reduce the
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Fig. 1 Representative examples of biologically active compounds
having quinone moiety.

temperature, and eliminate the need for added catalysts.?>*¢37¢

Interestingly, Zhang et al. demonstrated that the microdroplet
reactions occur in unactivated droplets.*”” Although several
reports exist for organic transformations in microdroplets, to
the best of our knowledge, no report exists for the formation
and isolation of benzoquinone compounds under microdroplet
conditions.

Several quinone-containing compounds exhibit important
biological activities (Fig. 1).>® For example, coenzyme Q-10 is
used to treat heart failure and hypertension;***° primin exhibits
antimicrobial and antineoplastic activities;*** 2-methoxy-3-
methyl-1,4-benzoquinone shows antiprotozoal activity;*
inone A and clavilactones B have antifungal and antibacterial
properties;****® oncocalyxone A possesses anti-inflammatory
properties;*”*® and tauranin acts as an anticancer agent.*” The
blue scorpion venom compound, containing a benzoquinone
core, demonstrates notable activity against Mycobacterium
tuberculosis and the priority pathogen Acinetobacter bau-
mannii.>>>* Because of the high cost of venom extraction, the
compound was synthesized in seven steps, with the final step
involving an rDA reaction that requires 12 hours. Due to its
biological significance, we selected this venom compound as
a model substrate for developing the rDA reaction under
microdroplet conditions.

anser-

Results and discussion

Microdroplets were generated using a sprayer with nitrogen gas
as the nebulizing medium. A positive voltage (+4 kV) was
applied to enhance the electric field at the water—gas interface
and accelerate the reaction. A high-resolution mass spectrom-
eter directly detected the ions from the microdroplets. The
distance between the sprayer and MS inlet was maintained at 10
mm. Fig. 2B shows the reaction scheme for the synthesis of 5-
methoxy-2,3-bis(methylthio)cyclohexa-2,5-diene-1,4-dione (2a)
from 4a-methoxy-6,7-bis(methylthio)-1,4,4a,8a-tetrahydro-1,4-
methanonaphthalene-5,8-dione (1a). To determine a suitable
MS solvent, we screened the reaction with various solvents, and
the results are shown in Fig. 2C. Aqueous methanol showed an
optimal intensity of product formation. This is due to the
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excellent ionization and stabilization of reactive intermediates
in polar solvents. While in nonpolar solvents low conversion
has been observed caused by less ionization. Next, we carried
out the experiment with different high voltage, and found that
conversion increased with 6 kv, without applied voltage, we also
observed the product peak with low intensity (Fig. 2D).

Fig. 2E shows the mass spectrum of the chemical content in
microdroplets containing the Diels-Alder adduct in a 1:1 ratio
of methanol/water, in N, as the nebulising gas. A peak of mass-
to-charge ratio (m/z) at 231.0149 can be clearly observed which
indicates the product formation. This peak is identified as the
desired protonated rDA product CoH;003S,", the calculated
exact mass of exact m/z is 231.0144. Further, the product
tandem mass (MS?) analysis is used to confirm the structure of
the compound. Fig. 2F shows the MS? spectrum of the product
peak at m/z 231.0149. The peak of m/z at 215.9911 represents the
loss of a methyl group, and two methyl losses appeared at m/z
200.9676. These MS and MS? data clearly indicate the formation
of the rDA product.

To further confirm the structure using NMR and IR analysis,
the DA adduct (1a) was sprayed at room temperature in
MeOH:H,0 at a 30 pL min~" flow rate under 120 psi pressure of
nitrogen gas, and the collected compound was analysed using
"H-NMR, but interestingly, the product was not observed under
these conditions; next, a positive voltage (+4 kV) was applied,
but the reaction still failed to form the product. This issue may
be that the reaction temperature is not sufficient to carry out the
reaction. Hence, we customized the setup, which heats the
system between the sprayer and the collection flask. We used
a high-boiling solvent such as xylene instead of methanol-
water. A solution of 0.042 M of 1a was pneumatically nebulized
into microdroplets at a 30 uL min ' flow rate under 75 psi
pressure of N, gas.

The droplets were passed = 1.2 ms to the bottom of a 500 mL
round-bottom (RB) flask with 50 psi nitrogen gas. The top of the
flask is heated to 150 °C by a 40-mm heating coil while the
bottom of the flask is at room temperature.®® In between the
heating coil and the collection flask, we attached a heat-
resistant foam to avoid thin film reactions in the RB flask
(Fig. S11).>** The distance between sprayer and collecting
surface was kept at 240 mm; hence, the total time required for
the reaction is =7.2 ms at 50 psi pressure. The microdroplet
reaction is approximately 6 x 10° times faster than the corre-
sponding bulk reaction (the bulk reaction required 12 h).”® To
collect the larger quantity for the NMR analysis, we sprayed
0.042 M solution of reactant for 30 minutes and collected in
room-temperature flask (Fig. 3). Collected microdroplets were
subjected to a crude "H-NMR analysis. From the crude "H-NMR,
it was observed that the rDA was observed with 3% conversion
under microdroplet conditions (Fig. 4, entry 1). Also, we
screened the reaction with MeOH:H,O at 120 psi, and no
product was observed (Table S1,1 entry 1). Further at 75 psi in
MeOH:H,0, we observed 1% of the product. This yield reduc-
tion compared to nonpolar solvent is caused by the low-boiling
point of MeOH:H,O solvent and additionally polar solvents
react with intermediates which leads to decomposition of the
compounds. The lower yield may be caused by the shorter

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Synthesis of the blue scorpion venom benzoquinone by microdroplet chemistry. (A) Schematic diagram of the experimental setup using
Diels—Alder adduct in ACN. (B) Reaction scheme. (C) Effect of solvent. (D) Applied voltage (at 10 mm reaction distance) on the signal intensity of
rDA product (m/z 231.0149). (E) Mass spectrum of the water microdroplets containing Diels—Alder adduct 1a. (F) MS? spectrum of the product

(m/z 231.0149).
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Fig. 3 Schematic diagram of microdroplet setup.

duration of passing the compounds through the heating setup.
If the pressure is reduced, the compound may stay longer in the
heating region, which may induce the product formation. At 50
psi pressure, as we expected, the product conversion was
increased to 21% (Fig. 4, entry 2). To further improve the
conversion, we reduced the pressure to 25 psi. Unfortunately,
the observed product conversion dropped to 7% (Fig. 4, entry 3).
This may be because at low pressure, the size of the micro-
droplet is higher, which disfavors product formation at the
solvent-air interface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Optimization of rDA reaction conditions for the synthesis of
blue venom compound (best condition boxed).
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Pressure plays a significant role in determining the course of
the reaction, because it affects both the size of the droplets and
the reactivity, keeping in mind that a pressure of 50 psi was
optimal. Next, we screened the reaction with various flow rates
to further improve the conversion (Fig. 4, entries 4-6). When
reducing the flow rate from 30 pL min~* to 20 puL min~", the
yield of product improved from 21% to 30% (Fig. 4, entry 4).
These results inspired us to screen other rates, such as 10
uL min " and 5 uL min~*. While reducing the flow rate further
to 10 pL min~" improved conversion to 56%, decreasing it
further to 5 uL min " reduced it slightly to 46% (Fig. 4, entries
5-6). While decreasing the temperature to 120 °C (50 psi with 10
uL min~') the product conversion drastically reduced to 13%
(Table S1, entry 10). Having optimized flow rate (10 pL min™ "),
temperature (150 °C) and pressure (50 psi), next we screened the
reaction with various solvents, such as toluene, mesitylene,
acetonitrile, acetonitrile/water, and DMSO/water (Table S1,}
entries 11-15). The nonpolar solvents toluene and mesitylene
yielded the corresponding rDA product at 41% and 48%
conversion, respectively (Table S1,t entries 11 and 12). With
polar solvents, conversion decreased substantially; acetonitrile
provided only 11% conversion (Table S1,} entry 13), whereas
ACN : water (90:10) and DMSO : water (90:10) both afforded
less than 5% conversion (Table S1,f entries 14-15). The low
conversion was observed in polar solvents, caused by solvent
evaporation and intermediates reacting with polar solvents in
the heated chamber, which leads to side products and decom-
position. Hence polar solvents afforded lower reaction yields.
We found the best solvent to be xylene. Reducing the concen-
tration of the reaction mixture from 0.042 M to 0.021 M at a flow
rate of 10 uL min~' and a pressure of 50 psi decreased
conversion to 18% (Fig. 4, entry 7). Increasing the concentration
to 0.063 M improved conversion to 64% (Fig. 4, entry 8), while
increasing it further to 0.105 M was not beneficial (Fig. 4, entry
9). Based on the extensive optimization, the best conditions
were found to be 0.063 M in xylene with 50 psi pressure and 10
uL min~" flow rate (Fig. 4, entry 8). To determine the role of
pressure the control experiment was conducted, without pres-
sure (0 psi), trace amount of conversion (<2%) was observed
(Fig. 4, entry 10). Similarly, at room temperature no product was
observed (Fig. 4, entry 11).

To expand the scope of our developed method, we per-
formed the reaction with various Diels-Alder adducts on
a 0.019 mmol scale (Scheme 1) sprayed for 30 min. The
compound scorpion venom blue compound 4a-methoxy-6,7-
bis(methylthio)-1,4,4a,8a-tetrahydro-1,4-
methanonaphthalene-5,8-dione (1a) afforded 2.6 mg of 2a in
60% isolated yield. The dichloro-substituted Diels-Alder
adduct 1b afforded the corresponding rDA product 2,3-
dichlorobenzoquinone (2b) in 62% yield. Further, we also
screened the reaction with the highly chlorine-substituted
Diels-Alder adduct 1c¢, which gave 2¢ in 68% yield. In the
case of the trimethyl-substituted adduct 1d, the corresponding
rDA product 2d was obtained in 58% yield. Owing to the
importance of alkyl thioethers in bio-active compounds, we
screened the reaction with the propyl mercaptan-containing
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Scheme 1 Substrate scope of retro-Diels—Alder reaction in micro-
droplets. ?All the reactions 0.019 mmol of 1 in 0.3 mL of xylenes was
sprayed at 150 °C for 30 min. Yields of isolated products are given.

Diels-Alder adduct 1e, which was also well tolerated and
afforded the corresponding product 2e in a 71% yield.

Conclusions

In summary, we developed an efficient method for the retro-
Diels-Alder reaction using the microdroplet technique to ach-
ieve accelerated product formation. We customized a new
design for high temperature microdroplet reactions. Further,
we scaled the process to provide sufficient amounts of material
to characterize using NMR and IR. Our approach offers an
efficient synthesis of bio-active scorpion venom blue benzo-
quinone, which shows antimicrobial activity against Mycobac-
terium tuberculosis and the priority pathogen Acinetobacter
baumannii. The various substituted benzoquinones were ob-
tained in up to 71% yield.
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